[1] The Amazon basin is a major component of the global carbon and hydrological cycles, a significant natural source of methane, and home to remarkable biodiversity and endemism. Reconstructing past climate changes in the Amazon basin is important for a better understanding of the effect of such changes on these critical functions of the basin. Using a novel biomarker proxy, based on the membrane lipids of soil bacteria with a new regional calibration, we present a reconstruction of changes in mean annual air temperatures for the Amazon catchment during the last 37 kyr B.P. Biomarkers were extracted from Ocean Drilling Program sediment core ODP942 recovered from the Amazon fan. The Amazon fan is a major depository for terrestrial sediments, with the advantage that the terrestrial material captured reflects a regional integration of the whole river catchment. The reconstructed tropical Amazonian temperatures were ∼5°C cooler at the Last Glacial Maximum (∼21°C) compared to modern values (∼26°C). This is in agreement with previous estimates of tropical continental temperatures in the tropical Amazon basin and tropical Africa during the Last Glacial Maximum. Moreover, we also illustrate how the soil bacterial membrane lipid record reveals major changes in basin dynamics and sediment provenance during the glacial-Holocene transition, impacting the biomarker reconstructions from ∼11 kyr onward.
Introduction
[2] Reconstructing Amazon basin paleoclimatic change is important for a number of reasons. The region is a major component of the global carbon cycle, producing ∼20 Pg C/year by photosynthesis [Roy et al., 2001] accounting for ∼20% of terrestrial carbon cycling and respiration and holding ∼25% of terrestrial biomass [Malhi et al., 2002] . It is also a principle component in the global hydrological cycle; when the Amazon flows into the Atlantic it is carrying ∼20% of all river water discharged into the global oceans [Franzinelli and Potter, 1983] . Moreover, a large proportion of water is recycled in the basin through the precipitation/evaporation cycle [Salati and Nobre, 1991] ; the associated evapotranspiration vents latent heat into the atmosphere, contributing to the largest and most intense land-based atmospheric convection center on Earth with connections to extratropical hydrology and circulation [e.g., Flood et al., 1995; Grimm and Silvia Dias, 1995; Marengo and Nobre, 2001; Rao and Hada, 1990] . It has been suggested that on millennial time scales, the region may have been pivotal in propagating major climate events between hemispheres [Ettwein, 2005; Maslin and Burns, 2000] . Finally, it is essential to understand Amazon climatic change as a potential driver of the remarkable biodiversity and endemism of the region [Morley, 2000; Willis and McElwain, 2002] , e.g., to test the tropical rain forest refuge [e.g., Haffer, 1969; Haffer and Prance, 2001] , the rain forest canopy density [Cowling et al., 2001] and the precessional-forced seasonality hypotheses [Maslin et al., 2005] .
[3] Molecular biomarkers have become an increasingly common tool in the reconstruction of terrestrial climate, past vegetation assemblages and environmental conditions [e.g., Pancost and Boot, 2004] . One efficacious approach is to obtain continuous and high-resolution terrestrial environmental records from marine sediments. Rivers and wind transport large amounts of terrestrial organic material to the oceans, of which a fraction is sequestered and preserved in marine sediments [Hedges et al., 1997] . Deep-sea fans, such as the Amazon fan, are a major depository for terrestrial sediments [Flood and Piper, 1997] . In fact, biomarkers of unambiguous terrestrial origin (e.g., high molecular weight n-alkanes, n-alkanols, pentacyclic triterpenoids, including taraxerol) dominate in the marine sediments of the Amazon fan and at our study site (Ocean Drilling Program Site 942, Figure 1 ) [Boot et al., 2006; Hinrichs and Rullkötter, 1997] . A particular advantage of this approach is that the terrestrial material captured by the marine archives reflects a regional integration of the terrestrial ecology [Traverse, 1989] .
[4] Glycerol dialkyl glycerol tetraethers (GDGTs) with branched alkyl chains (I-III in Figure 2 ) are ubiquitous in peat , soils [Weijers et al., 2006b [Weijers et al., , 2007b and coastal marine sediments [Hopmans et al., 2004] . In the latter setting they derive from river-transported soil organic matter [Herfort et al., 2006; Hopmans et al., 2004; Kim et al., 2008 Kim et al., , 2010 Sinninghe Damsté et al., 2000] . Stuctural characterization of the branched GDGTs indicates that bacteria and not archaea are the producers of these lipids [Weijers et al., 2006a] . Weijers et al. [2007b] , found that temperature and soil pH are the two main environmental parameters that control the distribution of branched GDGT membrane lipids in a set of globally distributed soils. Specifically, the degree of cyclization of the branched GDGTs, expressed in the cyclization ratio of branched GDGTs (CBT), correlates well with soil pH, whereas the degree of methylation, expressed in the methylation index of branched GDGTs (MBT), depends on both soil pH and annual mean air temperature (MAT). These new paleoenvironmental proxies have been successfully applied in reconstructions of temperature changes during the glacial to Holocene transition in the Congo basin [Weijers et al., 2007a] and the Eocene-Oligocene transition in Greenland . Further validation is found in a strong temperature dependence of the branched GDGT distribution in geothermally heated soils [Peterse et al., 2009b] and in altitudinal (1700-3300 m) transects on Mt. Kilimanjaro, Tanzania and Mt. Gongga (China) [Peterse et al., 2009c; Sinninghe Damsté et al., 2008] . A recent study of branched GDGTs in marine sediments from the Skagerrak revealed a strong relationship of MBT/CBT-derived temperature with summer air temperatures [Rueda et al., 2009] .
[5] Additionally, insights into changes in terrestrial sediment supply to the marine environment can be gained from the branched versus isoprenoid tetraether (BIT) index, a proxy for the relative fluvial input of terrestrial organic matter (TOM) in the marine environment [Hopmans et al., 2004] .
[6] This paper presents a new MBT/CBT-derived estimate of regionally integrated annual MAT, for the central/eastern Amazon basin during the last glacial period. However, we also illustrate, using tetraether and inorganic geochemical parameters, how major changes in sediment provenance during the glacial-Holocene transition impact the GDGTbased MAT reconstructions.
Methods

Site Description and Age Model
[7] The Amazon Fan is the third largest submarine delta, situated off the northeastern coast of Brazil. Table 1 for details). Soil samples were collected from the World Soil Database collection of the International Soil Research and Information Centre (ISRIC) in Wageningen, Netherlands. The South American mean annual air temperature map is derived from Legates and Willmott [1990] and is in ASCIIGRID format, referenced to a geographic coordinate system and reconstituted graphically into Arc/Info software. (b) Schematic cross section of the equatorial Andes and Amazon basin showing the present distribution of the vegetation belts (after Haberle and Maslin [1999] , adapted from Hooghiemstra [1984] ).
A consequence of the strong and dynamic nature of sediment supply to the fan is that it is susceptible to reworking [e.g., Maslin et al., 1998 ]. Site 942 (5°45′N, 49°6′W, water depth 3346 m) was drilled as part of ODP Leg 155 and lies adjacent to the main Amazon Fan complex. It was chosen for this study because it is off the main fan and is thus less affected by the reworking which affects almost all of the other Leg 155 sites, but is still close enough to the main fan to receive terrigenous input and benefit from enhanced sedimentation rates during glacial periods (when sea levels were lower and the terrigenous sediment load within the river was transported directly to the fan) . The cores from this site have been examined in detail visually for any signs of reworking, including microturbidites [Maslin and Burns, 2000] . The youngest disturbed section found was at approximately 24 mbsf (meters below seafloor), which has been dated at about 40 kyr B.P. Possible temporal offsets between biomarkers and planktonic foraminifera identified in recent publications [Mollenhauer et al., 2005; Ohkouchi, 2002] , have to be considered when interpreting biomarker data using an age model based on microfossil analysis. However, it is unlikely that any temporal offsets are large enough to compromise our conclusions reached by comparing glacial and interglacial sediments. The highresolution age model used is that of Ettwein [2005] , which is based on 26 AMS radiocarbon dates from planktonic foraminifera (ages in calendar years).
Biomarker Work-Up Procedure
[8] For the ODP 942 sediment core samples, the total lipid extracts were obtained from ∼7 to 10 g of freezedried, powdered sediment via 24 h Soxhlet extraction with a 2:1 (v/v) mixture of dichloromethane and methanol [Boot et al., 2006] . Extracts were treated with activated copper in order to remove elemental sulfur, and a standard mixture containing known amounts of androstane, hexadecan-2-ol and hexadecyl octadecanoate was added. Fractionation was carried out on a column (4 cm) packed with silica gel. A hydrocarbon fraction was collected by elution with 3 mL of hexane, and a polar fraction with 5 mL of dichloromethane followed by 3 mL of 1:1 dichloromethane:methanol. A final fraction containing the most polar compounds was collected using 3 mL of methanol. The middle fraction, contained the GDGTs.
[9] The 22 Amazon basin soil samples were extracted and analyzed using the methods of Weijers et al. [2007b] . Extraction was performed three times with an accelerated solvent extractor (ASE; DIONEX200) with a solvent mixture of dichloromethane (DCM)/methanol 9:1 (v/v) at a temperature of 100°C and a pressure of 7.6 × 106 Pa for 5 min. The obtained total extracts were rotary evaporated under near vacuum and separated over an activated Al 2 O 3 column, using DCM and DCM/ methanol 1:1 (v/v), into an apolar and a polar fraction, respectively. The polar fraction contained the GDGTs. 
HPLC/APCI-MS
[10] The fractions containing the branched GDGTs were ultrasonically dissolved in a hexane/propanol 99:1 (v/v) mixture at a concentration of 2 mg ml −1 and filtered through an 0.45 mm PTFE filter (ø 4 mm) prior to analysis. The samples were analyzed by high-performance liquid chromatography/ atmospheric pressure chemical ionizationmass spectrometry (HPLC/APCI-MS) on an Agilent 1100 series/Hewlett-Packard 1100 MSD series machine equipped with automatic injector and HP Chemstation software according to Hopmans et al. [2000] with minor modifications. Separation was achieved in normal phase on an Alltech Prevail Cyano column (150 mm × 2.1 mm; 3 mm). The flow rate of the hexane/propanol 99:1 (v/v) eluent was 0.2 ml min −1 , isocratically for the first 5 min, thereafter with a linear gradient to 1.8% propanol in 45 min. Injection volume of the samples was 10 ml. In order to increase sensitivity and therefore reproducibility, ion scanning was performed in a single ion monitoring (SIM) mode [Schouten et al., 2007] . Quantification of the compounds was achieved by integrating the areas of the [M+H]+ (protonated molecular ion) peaks and comparing these with an external standard curve composed of known amounts of crenarchaeol (an isoprenoid GDGT). Further details of the integrations of peak responses for GDGT biomarkers for all m/z, GDGT indices, reconstructed temperatures and pHs, and organic matter end-member calculations are given in the auxiliary material. 
MBT/CBT and BIT Indices
[11] A detailed description of the definitions and characteristics of the Methylation index of Branched Tetraethers (MBT) and the Cyclization ratio of Branched Tetraethers (CBT) is provided by Weijers et al. [2007b] . The MBT index and CBT ratio were calculated as follows:
The roman numerals correspond to those in Figure 2 . The calibration formulae used to transfer the CBT ratio into pH and the MBT and CBT values into annual MAT, on the basis of the global soil calibration of Weijers et al. [2007b] , are:
The analytical reproducibility based on pooled standard deviations of duplicate measurements of samples is ≤0.01 units for the MBT index and ±0.01 units for the CBT ratio, or ±0.02 pH units and ±0.2°C (1s) in the temperature estimates.
[12] The BIT index, a proxy for the relative fluvial input of terrestrial organic matter (TOM) in the marine environment [Hopmans et al., 2004] is derived from the following equation (roman numerals correspond to Figure 2 ):
3. Results and Discussion 3.1. Regional Amazon Basin MBT/CBT Calibration [13] Recent work has highlighted that in addition to the application of the global calibration, regional MBT/CBT calibrations could increase the accuracy of MBT/CBT-MAT reconstructions [Rueda et al., 2009; Sinninghe Damsté et al., 2008] . Thus, we produced a regional Amazon calibration, using samples collected from the World Soil Database collection of the International Soil Research and Information Centre (ISRIC) in Wageningen, Netherlands. The 22 soils cover a wide range of altitudes, pH and MAT (Table 1 and Figure 1) . The 3-D regression plot for the new calibration is shown in Figure 3 . The calibration formulae based on the Amazon basin calibration are:
The reconstructed MAT records from ODP 942 are illustrated in Figure 4 . Recent work has highlighted that regional MBT calibrations could increase the accuracy of MBT/CBT-MAT reconstructions [Peterse et al., 2009b [Peterse et al., , 2009c Rueda et al., 2009; Sinninghe Damsté et al., 2008] . Thus, we utilize the new regional Amazon calibration (green line) in addition to the Weijers et al. [2007b] global calibration (brown line). The two trends are similar, due to the general similarity of the calibration slopes, however the Amazon calibration gives MATs on average 2°C cooler (1 s.d. = 1°C). Our regional Amazon calibration confirms the general applicability of the global calibration set, but also suggests regional data sets can refine results. Henceforth we discuss MBT/ CBT-MAT data primarily based on the Amazon calibration. Prior to 11.3 kyr B.P. the temperature trends show minima at 32.5, 27, 16.5 and 11.5 kyr B.P. and maxima at 35.5, 32, 18, and 11.3 kyr B.P. The sharp warming at 11.3 kyr B.P. is determined by only one data point. This is followed by an apparent cooling throughout the early Holocene to ∼10°C at 6.3 kyr B.P. and a subsequent warming trend to the top of the core (Figure 4 ).
Glacial-Holocene Changes in Organic
Carbon Provenance [14] Insights into the changes in terrestrial sediment supply to ODP 942 can be gained from the BIT index [Hopmans et al., 2004] . The BIT index shows a large decrease between 13 and 10 kyr B.P. (Figure 4c ) coeval with the latter main phase of deglacial global eustatic sea level rise [McGuire et al., 1997] . This transition represents a reduction in the relative proportion of terrestrial material reaching site 942 as, during the marine transgression, the mouth of the Amazon River becomes more distal from ODP 942 and increasing propor- tions of terrestrial material are deposited on the flooded continental shelf. However, the BIT index recovers somewhat and remains relatively high during the Holocene, suggesting continued, significant inputs of terrestrial material to ODP 942 (Figure 4c ).
[15] A recent study by Peterse et al. [2009a] indicates that branched GDGTs may also be produced in situ in marine sediments in small quantities and that MBT/CBT-derived MAT values may be biased by marine derived branched GDGTs in settings with low soil organic matter inputs. Peterse et al. [2009a] found this for marine sediments with low BIT index values of 0.01 to 0.02. It is unlikely that marine branched GDGTs have a significant imprint on our records from ODP 942. The BIT index is high during the glacial (BIT = ∼0.5 to 0.8; Figure 4c ) and even the lowest value (BIT = 0.1) reached during the marine transgression shows an order of magnitude more terrestrial input than the settings (BIT = 0.01 to 0.02) where Peterse et al. [2009a] found significant bias. Furthermore, Rueda et al. [2009] recently reported realistic air temperature reconstructions using the MBT/CBT paleothermometer for marine sediments from the Skagerak with low BIT values ∼0.07.
[16] The MBT/CBT proxy is interpreted as a sediment flux weighted average proxy for MAT. Previous work suggests this proxy is capable of integrating average MAT changes for large regional areas. In the reconstruction of glacial through Holocene MAT changes from the Congo basin, Weijers et al. [2007a] produced a convincing glacial-Holocene MAT reconstruction that compares well with previous tropical temperature reconstructions and even far-field records from ice cores. Seemingly the primary MAT record from the Congo basin was not influenced by any changes, over time, in the source areas of terrestrial organic material.
[17] However, it is also recognized that the integrated MAT signal will be weighted toward the catchment areas that supply the greatest flux of terrestrial sediments and associated organic material. Furthermore, the flux of transported branched GDGTs will not be proportionally equivalent to sediment supplied from different catchment areas, as the organic carbon (and branched GDGT) content of transported sediments will vary spatially and temporally. As described above (and shown in Figure 4 ), our Amazon MAT estimates vary between 19.6 and 23.4°C up to 11.3 kyr B.P., but this is followed by an apparent, and unexpected, drop to ∼10°C by the mid-Holocene (6.5 kyr B.P.). Temperatures then increase over the course of the Holocene to 17.4°C in the most recent sample. We suggest that the ODP 942 MBT/CBT record after 11.3 kyr B.P. primarily reflects catchment dynamics, i.e., changes in the supply of organic matter to the Amazon fan.
[18] Studies of the mineralogy of the Amazon River suggests the modern sediment load has two distinct source areas: the Andes/western Amazonia and central/eastern Amazonia [Rimington, 1999] . Currently the Andean region accounts for 12% of the catchment area but supplies an estimated ∼82% to 95% of the suspended sediment, [Gibbs, 1967; Meade, 1985; Meade et al., 1985] and ∼80% of the dissolved ions to the river system [Stallard and Edmond, 1983] . Therefore, it is reasonable that the relatively cold Andean region (i.e., with an MAT of <0 to 10°C, see Figure 1a) should have a major impact on the MBT/CBT-MAT signal recorded in the Amazon fan sediments of ODP 942 (Figure 1a) . It has been suggested that during the Last Glacial Maximum, advancing ice would have substantially reduced sediment supply from the Andean region [Rimington, 1999] . Therefore, the glacial ODP Site 942 MBT/CBT-MAT signal likely has a primary provenance in the central/ eastern Amazon region, as the glacial ice restricted sediment inputs from the Andes/western Amazonia and reduced precipitation in the basin [Maslin and Burns, 2000] . During the deglaciation, ablation of Andean ice was initiated, however, it seems a key threshold in the basin sediment regime was not passed until later at ∼11.3 kyr B.P., perhaps also reflecting a major reorganization of the drainage network. At this time, as Andean ice continued to retreat and rainfall increased sharply in the Amazon basin [Maslin and Burns, 2000] at the termination of the Younger Dryas [Thompson et al., 1995] . [19] We suggest the relative increase in Andean sediment flux incorporated organic material and associated soil bacterial branched GDGTs from the Montane and Páramo vegetation belts (Figure 1b) which carried a relatively cold temperature signal (relative to central/eastern Amazonia Lowland rain forest vegetation belt) from 11.3 kyr B.P. onward. Relative changes in the fractional supply of branched GDGTs (and by extension organic matter and sediments) from the cold Andean region can be explored by using a two-component mixing equation:
where MAT Sample is the MBT/CBT derived MAT value of a sample, and MAT EA and MAT Andes are the end-members: the changing mean annual temperatures of the central/eastern Amazon and Andean source regions, respectively. We use a simple model for the end-member temperatures (Figure 5a ). The modern end-member values for the mixing equation are averages of World Climate Information (WKI) weather station data, whereas the glacial end-member values derive from proxy records. For the glacial and deglacial period of the record from 37 to 18 kyr B.P., the central/eastern Amazon (<1000 m altitude) MAT EA = 21°C (based on noble gases [Stute et al., 1995] and pollen [Bush and Silman, 2004; Bush et al., 2001] ); for the Andean region MAT Andes = 1°C (based on Peruvian ice core based estimates that glacial stage conditions in the high tropics were ∼10°C cooler than today [Thompson et al., 1995] the Andean region MAT Andes = 11°C), which are obtained by 10 kyr B.P. and held up to the presentday situation.
[20] This calculation results sometimes in estimates of Andean organic matter supply from <0% to >100% (Figure 5b ). These estimates contain considerable uncertainties due to factors including shifting foci of erosional activity (i.e., within the two broad regions it is unknown which localities contributed most organic material, or how this changed over time). We acknowledge the large unknown error margins and emphasize this as a data exploration exercise. Nonetheless, the data show variable but low Andean inputs up to 16.5 kyr B.P. (∼<0%-7%), steadily increasing Andean inputs during the deglacial, from 16.5 to 11.5 kyr B.P. (∼5% to 50%) with a sharp increase at ∼11.3 kyr B.P., reaching a maximum at ∼6 kyr B.P. (∼100%), with a stepped decease through the Late Holocene to 60% in the most shallow sediment dated to ∼600 kyr B.P.
[21] A major change in sedimentary regime at ∼11.5 kyr B.P. is further supported by a change in the HIRM parameter ("hard" isothermal remnant magnetization) (Figure 5c , replotted from Durham [1997] ). HIRM is a measure of the concentration of high-coercivity antiferromagnetic minerals, such as haematite and goethite [Thompson and Oldfield, 1986] and is often assumed to represent haematite concentration [Hall, 1990] . Haematite and goethite are major mineral components of the ferralitic soils (and a factor in the associated red-yellow coloration) which extend widely in the tropical lowland regions of the Amazon [Fritsch et al., 2005] . In such soils these minerals are finely divided and closely associated into aggregates in loose soil horizons, and thus amenable to erosion and riverine transport [Fritsch et al., 2005] . Therefore, the HIRM parameter in ODP 942 may be greatly influenced by the supply of haematite and goethite associated with eastern Amazonian soil material. At ∼11.3 kyr B.P., coeval with the inferred switch to cold Andean source branched GDGTs, is a major fall in the HIRM parameter ( Figure 5c ). We suggest this represents a major dilution of the eastern Amazonian (ferralitic soil) haematite and goethite by other components, including low-coercivity ferrimagnetic minerals such as magnetite in andesites originating from the Andes. The inverse correlation between the organic branched GDGT temperature reconstructions and inorganic HIRM from 11.3 kyr B.P. is remarkable. Both suggest a major switch from eastern Amazonian to Andean sources of sediment at 11.3 kyr B.P., which reached a peak during the mid-Holocene thermal maximum at ∼6.3 kyr B.P.
Central/Eastern Amazon Glacial Temperatures
[22] Figure 4a (with an expanded y axis) shows changes in estimated temperature prior to 11.3 kyr B.P. During this period we assume sediments accumulating at ODP 942 have a primary provenance in the central/eastern Amazon region. Using the regional Amazon calibration, our record shows that temperatures varied during the glacial (37-11.5 kyr B.P.) between 19.6 to 22.2°C with a mean of 21.1°C. The modern mean annual temperature of the central/eastern Amazon (<1000 m altitude) is 25.8°C (WKI weather station data). Thus, we estimate a glacial cooling of ∼5°C. This is in line with earlier temperature reconstructions for the Amazon basin based on groundwater noble gases [Stute et al., 1995] and pollen assemblages, both suggesting lowland Brazil air temperatures were 5°C cooler at the LGM than today [Bush and Silman, 2004; Bush et al., 2001] . For the Central African tropics, using the same MBT/CBT based temperature reconstruction, Weijers et al. [2007a] estimate an LGM cooling of ∼4 to 5°C. This appears to further validate the paleotemperature application of the MBT/CBT-MAT proxy at this site and suggests that prior to 11.6 kyr B.P. the ODP Site 942 core does record a temperature signal with provenance in the central/eastern Amazon basin. Moreover, it confirms that the previous geographically more restricted lacustrine pollen [e.g., Bush et al., 2001; Ledru et al., 2001; van der Hammen and Hooghiemstra, 2000] and noble gas [Stute et al., 1995] based temperature records are representative of the central/eastern Amazon lowland.
Conclusions
[23] The MBT/CBT-derived MAT data from core ODP 942 confirms the applicability of the branched GDGT proxies for reconstructing basin-scale changes in temperature. We estimate a regional lowland Amazon Last Glacial Maximum temperature that is ∼5°C cooler than the present day, in line with previous lowland Amazon and African tropical estimates. However, crucially, our record also demonstrates how on a catchment basin scale the MBT/CBT-MAT proxy integrates changes in soil temperature and sedimentary regime. Thus, changes in basin dynamics and sediment provenance must be taken into account when interpreting MBT/CBT-derived MAT records. In fact this work highlights the potential application of GDGTs for investigating catchment-scale changes in sedimentary regime. Such changes may be associated with orbital-scale climatic changes on time scales of 10 5 years or, feasibly, orogeny and changes in paleoaltitude on time scales of >10 7 years. Thus this paper highlights both the continuing potential and required constraints for the recently developed MBT/CBT continental paleothermometer.
